Adequate amounts of physical activity have been shown to offer wide-ranging health benefits and to reduce the negative consequences of physical inactivity. 25 Recently, the United States Department of Health and Human Services provided guidelines for the amount and type of physical activity that offers health benefits. 24 To understand whether people are meeting these guidelines, it is imperative to use highly accurate assessment methods, such as accelerometers, to measure physical activity.
Accelerometers are objective physical activity monitors that directly measure the duration, intensity, and frequency of movement. 27 Physical activity research using accelerometers has become more common with approximately 1200 articles cited in the PubMed database since 2000. This wealth of knowledge has provided general consensus on certain aspects of accelerometermeasured physical activity. Recommendations exist for the number of days that are needed to monitor free-living physical activity 22, 26 and optimal epoch lengths to capture activity in adults and children. 15, 22 However, current research provides little evidence on how many hours of accelerometer wear time is needed each day to reflect a day's activity in an analysis. 16 The majority of studies do not require participants to wear accelerometers for 24 hours, creating a problem for researchers to try to determine how many hours of wear time per day represents a valid day. Recent studies have reported a variety of criteria for selecting the number of hours per day one should wear an accelerometer to reflect daily free-living physical activity. 3, 6, 14, 19, 21, 28 These studies have hours per day values ranging from as few as 6 h·d -128 and up to 16 h·d -119 to constitute a valid day. Slootmaker et al 19 used an assumption that people sleep 8 h·d -1 and therefore 16 hours was considered the upper limit allowed. Results from the 2004 accelerometer consensus meeting suggest using the 70/80 rule 3 for required daily wear time. 26 This rule provides a sample specific recommendation based on 70% of the sample having accelerometer data with at least 80% of those having at least the same amount of hours. Another approach that has been used to determine accelerometer hours per day wear time is to normalize each person's total minutes of daily activity to a 12 h·d -1 to balance different amounts of wear time. 28 This approach may create an over-or underestimation of actual movement time. A common approach, including that used in U.S. National Health and Nutrition Examination Survey (NHANES) accelerometer analyses, is to require 10 or more h·d -1 of accelerometer wear time to be considered a valid measurement day. 14, 21 To date, empirical evidence has not been published that recommends a minimal number of hours per day needed to reflect optimal daily wear time for accelerometers. This is important because wearing an accelerometer for too few hours per day can result in an underestimation of time spent in different physical activity intensity categories. Accordingly, requiring study participants to wear an accelerometer longer than is needed to obtain sufficient information to reflect usual physical activity patterns can cause undue burden on study participants. In this paper, a semisimulation approach was used to create missing data to identify the Absolute Percent Error (APE) between varying hours per day accelerometers were worn by adults enrolled in a worksite physical activity study. APE is a useful method to compare actual wear time data (reference) and comparison data (semisimulated). 10 The purpose of this study was to identify the differences in physical activity and inactivity observed when different accelerometer wear time criteria are used.
Methods

Study Design and Participant Selection
Study participants (n = 152) were randomly selected to complete periodic physical fitness tests from 714 participants enrolled in a 6-month, quasi-experimental (lack of a control group) worksite health promotion study designed to increase daily walking. Participants included faculty, staff, administrators, and other university employees. The goal of the walking study was to increase physical activity by taking 10,000 steps per day as recorded by a pedometer. During the first month of the intervention study, 124 participants from the fitness test group wore an accelerometer for at least 1 week to identify their frequency and duration of physical activity at varying intensity levels. Participants were allowed to wear the accelerometer for a period longer than 1 week until a study staff member collected the device. The remaining 28 participants from the fitness group lacked accelerometer data and were excluded from data analyses for this study. Baseline data from participants who wore an accelerometer (age = 41 ± 11 yrs; BMI = 27 ± 7 kg·m -2 ) were used for the data analyses. There were no differences in age or BMI between those who wore the accelerometers and those without accelerometer data (Student's t test: P > .05). Collectively, the 124 study participants wearing the accelerometers contributed approximately 1200 days of accelerometer monitoring data.
Before completing any study activities, participants read and signed an informed consent form approved by the university Institutional Review Board. Exclusion criteria from the worksite health promotion study were determined using the PAR-Q 20 and included the inability to walk, current diagnosis of cardiovascular disease, uncontrolled risk factors for cardiovascular disease (eg, uncontrolled hypertension), signs and symptoms of cardiovascular intolerance to exercise (eg, dizziness with exertion), and current pregnancy. Of those volunteering for the worksite health promotion study, none were excluded based on the exclusion criteria. Table 1 shows the characteristics of the accelerometer monitoring subsample (n = 124).
Physical fitness and accelerometer data were obtained during a scheduled laboratory visit whereby participants completed tests to obtain (in this order) age, height, weight, percent body fat, waist circumference, resting heart rate, resting blood pressure, and estimated VO 2 max. At the end of the testing session, participants were given an ActiGraph GT1M accelerometer to wear for the next 7 days. Data from the physical fitness measures were not used for the current paper and are not discussed.
Accelerometry
The ActiGraph model GT1M accelerometer (ActiGraph, LLC, Pensacola, Florida, USA) is a uniaxial piezoelectric accelerometer (3.8cm × 3.7cm × 1.8cm; 27 g) that assesses physical activity duration at varying intensities of movement expressed as numeric counts (higher counts reflect higher intensity of movement with 0 denoting no movement), steps, and an estimate of caloric expenditure. The GT1M records vertical accelerations ranging in magnitude from approximately 0.05-2.0 G with a frequency response from 0.25-2.50 Hz. Output data are digitized at a rate of 30 times per second with intensity data recorded in 1-minute epochs (sampling interval).
Step counts and the caloric estimates were not recorded for the current study. Data were downloaded using ActiGraph software and stored in a computer database. 1 Upon receiving the ActiGraph, participants were instructed to wear the accelerometer for the next 7 days upon waking (or immediately after bathing or showering) until they retired at night. The recording was activated to run from midnight the night subjects received the accelerometer until midnight 7 days later. The accelerometer was worn on the right hip attached to an elastic belt. The participants were asked to remove the accelerometer during showering/bathing and any water activities.
Data Management
Nonwear periods were identified as 60 consecutive minutes with no movement data (0 counts) allowing up to 2 consecutive minutes of 1-100 cts·min -1 . 13 Nonwear periods were ended with >100 cts·min -1 or with 3 consecutive 1-100 cts·min -1 . 13 ActiGraph monitors were scored to assess time spent in each intensity level using a SAS statistical program. Matthew's cut-points were used to identify time spent in inactivity (0-99 cts·min -1 ), light intensity (100-1951 cts·min -1 ) 13 and Freedson's cut points were used to determine time spent in moderate intensity (1952-5724 cts·min -1 ) and vigorous intensity (5725+ cts·min -1 ). 7 Accelerometer research studies using large numbers of participants were examined to identify the average accelerometer wear time. 8, 21 The average accelerometer wear time of 14 h·d -1 identified in these studies was chosen as the reference value for comparison of fewer hours per day of wear time. 8, 21 The data were split into 2 samples (original and validation sample). The original sample consists of 40 days where 40 different randomly selected participants wore the accelerometer for 14 valid hours (ie, the accelerometer was worn for at least 40 min for each hour) 5 was selected from the larger data set. This 14-hour data set was used as reference for comparison of ActiGraph data using shorter hour per day specifications. Additional 40-day samples of 13, 12, 11, and 10 h·d -1 of accelerometer wear time were then selected and used as reference for missing data in the semisimulation approach. The goal of the semisimulation approach was to remove data from known days with 14 hours of wear time in the reference data set by matching the missing accelerometer data pattern of individuals who wore the monitors for 13, 12, 11, and 10 hours. This was done to allow a comparison of the min·d -1 spent in activity by different hours of wear time at varying intensities. The data set management procedure to create semisimulated data sets is shown in Figure 1 . This figure identifies the 5 different original data sets selected with individuals who had 10, 11, 12, 13, and 14 hours of accelerometer wear time. Then, shorter wear time data sets were compared with the reference 14-hour data set in a one day-to-one day fashion using the semisimulation process described in Figure 2 . This created 4 new data sets of semisimulated data for 10, 11, 12, and 13 hours of wear time. These 4 semisimulated data sets were compared with the reference data set (14 h·d -1 ) to identify differences in the minutes of wear time by intensity of activity.
This method was preferred because it uses data patterns of real subjects to remove data instead of a purely random data removal method. For example, a 14 h·d -1 recorded accelerometer counts from 6 AM to 8 PM and a 13 h·d -1 recorded counts from 7 AM to 8 PM. To simulate a 13 h·d -1 pattern, accelerometer counts between 6 AM and 7 AM would be removed from the 14 h·d -1 . Similarly, for a 10 h·d -1 , if an individual wore the accelerometer between 9 AM and 8 PM, but also had missing data from between 1 PM and 2 PM (10 hour total wear time) then data would be removed from the 14-hour day between 6 AM and 9 AM and between 1 PM and 2 PM Figure 2 depicts the specific semisimulation approach for a one day-to-one day pattern matching to create a semisimulated 13 hour day.
This procedure was repeated to create semisimulated data sets of 12, 11, and 10 hours. In addition, a validation sample was created by repeating the semisimulation process on a separate random sample of individuals and days. This was done to compare the accuracy of the modeling performed with the original accelerometer data sample. More information about the semisimulation approach can be found elsewhere. 11, 12 
Data Analysis
The semisimulated approach was used to compare the reference value (14 h·d -1 ) data set to semisimulation data sets of 13, 12, 11, and 10 h·d -1 of accelerometer wear time. Accordingly, repeated measure ANOVAs with the Least Significant Difference (LSD) post hoc method were performed to assess differences in daily minutes between semisimulation data sets (13, 12, 11, and 10 h·d -1 ) and reference value (14 h·d -1 ) at various intensity levels: inactivity (<100 cts·min -1 ), light (100-1951 cts·min -1 ), moderate (1952-5724 cts·min -1 ), and vigorous (≥5725 cts·min -1 ). Intensity levels (inactivity, light, moderate, and vigorous) were dependent variables, and separate repeated measure ANOVAs were performed for each activity intensity level. The duration of wear time is considered a within-subject factor in the repeated-measures ANOVA. To check the assumption of sphericity, Mauchly's sphericity test was first examined. In case the data violated the assumption, adjustment to the degrees of freedom and F value was made using the Greenhouse-Geisser estimate of sphericity. APE (|Observed Value-Reference Value| / Reference Value × 100) was computed between the reference value and each of the semisimulation data sets for daily minutes of inactivity, light, moderate, and vigorous intensity activity. APE identifies the absolute percent difference between 2 values with a lower APE desired. 10 Repeatedmeasures ANOVAs and APE also were computed for the validation sample to cross validate the results of the original sample. The alpha level was set at .05. Microsoft Excel 2007 and SPSS 17.0 (SPSS Inc., Chicago, Illinois) were used for the data analysis. Table 2 presents the average min·d -1 of activity for each accelerometer wear time duration (10, 11, 12, 13, and 14 h·d -1 ) obtained from the original sample and from the separate validation sample. In general, the minutes spent in each intensity level increased with increasing hours of accelerometer wear time. This finding was consistent in the original and in the validation sample. Repeatedmeasures ANOVA results showed significant differences in daily minutes between 10, 11, 12, and 13 h·d -1 and the reference 14 h·d -1 for inactivity, light intensity, and moderate intensity activity (all P < .05). No difference was found for vigorous intensity activity, F(2.34, 91.09) = 2.06, P = .13. Similar results were found in the validation sample with no significance difference in daily minutes for the vigorous intensity activity, F(2.48, 96.71) = 1.7, P = .17, and significant differences in all other intensity levels (all P < .05). The greatest difference in min·d -1 for each intensity level was seen between the reference value (14 h·d -1 ) and 10 h·d -1 recording time. There was not a significant difference between the original and validation sample in any category (all P > .05).
Results
The APE values for the accelerometer wear time data are presented in Table 3 . APE values were similar between the original sample and the validation sample. The range of APE values increased with the shorter accelerometer recording time in the original (13 h·d -1 = 5.6%-7.8%; 12 h·d -1 = 13.5%-14.3%, 11 h·d -1 = 20.3%-36.0%; 10 h·d -1 = 28.2%-41.7%) and validation sample (13 h·d -1 = 7.0%-8.5%; 12 h·d -1 = 13.7%-16.5%, 11 h·d -1 = 20.2%-26.9%; 10 h·d -1 = 25.6%-36.2%). A wear time of 13 h·d -1 was the only category with APE for each intensity level less than 10%. b All activity intensities were significantly different from the 14-hour criterion (P < .05) except vigorous intensity. 
Discussion
This study provides a scientific rationale for understanding the bias in daily free-living physical activity associated with the number of hours per day an accelerometer is worn. The results showed that allowing different amounts of accelerometer wear time had a significant impact on the amount of time assessed in various intensity levels and that wearing an accelerometer at least 13 h·d -1 had the lowest APE when compared with a reference wear time of 14 h·d -1 . For all intensity levels, except vigorous intensity, increases in the accelerometer wear time resulted in increasing amounts of activity per day. Time spent in inactivity, light, and moderate intensity activity was nearly 30% less when 10 h·d -1 , the most commonly used criteria, was compared with the reference 14 h·d -1 of accelerometer wear time. This demonstrates a significant underestimation of free-living physical activity and provides some insight as to why accelerometers have been often questioned for underestimation in certain instances. 4, 9, 27 These data show that using daily accelerometer data with less than 13 hours results in significantly reduced minutes of activity and higher than recommended error. These findings were supported in the validation sample which used separate randomly selected days. The recent findings from NHANES found that adult Americans spent between 16-38 minutes (using all activity minutes) doing moderate intensity activity. 21 NHANES required at least 10 hours of wear time to be included in the analysis and had a mean wear time of 14.2 hours. Despite a mean wear time of 14 h·d -1 , it is possible that the mean minutes of moderate intensity activity were biased toward underestimation by including data with 10, 11, and 12 h·d -1 of wear time. In 2008, Matthews et al 14 analyzed the 2003-04 NHANES accelerometer data using the same criteria as Troiano et al 21 with a minimum wear time of 10 h·d -1 . They reported a mean wear time 13.9 h·d -1 with inactivity durations ranging from about 430-570 min·d -1 . 14, 21 The study also observed a positive association between wear time and time in inactivity and therefore adjusted for mean wear time in the analysis.
Min·d -1 of vigorous intensity physical activity was not statistically different between the hours per day of accelerometer wear times. While the mean minutes nearly doubled (3.1-5.2 min·d -1 ) with an increased duration of wear time, the standard deviation was high due to very few participants performing vigorous intensity physical activity. Troiano 21 reported similar low levels of vigorous intensity activity in the NHANES study (0.1-3 min·d -1 ) suggesting a 10 h·d -1 wear time may be sufficient to capture vigorous intensity activity in the general population. 21 However, different results may arise in population groups who perform higher levels of vigorous intensity physical activity.
The differences between the hours per day of accelerometer wear time observed in the current study sample have significance for surveillance studies designed to assess the proportion of adults meeting physical activity guidelines, in intervention studies designed to assess changes in activity over time, and in studies designed to assess time spent in sedentary behaviors. Assessing physical activity for more hours per day can provide a more accurate picture of the true levels of physical activity and avoid misclassification bias. Misclassification of physical activity can bias results of studies toward the null, alter the interpretations for dose-response relationships between physical activity and inactivity exposures and health outcomes, modify the proportion of adults meeting public health physical activity recommendations, and change the interpretations of intervention studies. 2 As such it is important to standardize the accelerometer wear time required for study participants in various research and surveillance settings which will also help improve comparability between studies.
Some researchers have dealt with disparate wear time data by normalizing it to a standard time, such as 12 hours. 28 Previously, there has been little justification for normalizing daily wear time and minutes of activity if an individual has less than a desired amount of wear time. Furthermore, not much is known about the accuracy of this method of data replacement and there is almost no evidence to support 12 hours as the standard time in this scenario. Understanding the error associated with missing data may help clarify some of the accuracy concerns over normalizing accelerometer data and provide a foundation for future investigations into missing data replacement methods. Table 2 indicates there is a significant difference in minutes spent in inactivity and activity across hours of wear. Yet, there does not appear to be a leveling off minutes in any category at 14 hours. This may indicate that more than 14 hours of wear time may be needed to assess a complete day of physical activity. It is possible that requiring 13 hours of wear time during data reduction is not always feasible using current accelerometer protocols. If so, then further efforts are needed to improve the daily assessment of physical activity. One option is to place a greater emphasis educating the participants on the importance of wearing the device during all waking hours. Sharpe et al 18 showed it is possible to have high compliance in an accelerometer study by providing detailed instructions to study participants. Another alternative is to use the accelerometer for 24 hour surveillance. The area of sleep medicine and sleep research has employed accelerometry with great success. 17 Wearing accelerometers for 24 hour periods may provide richer data and help explain more complex relationships between sleep quality/quantity and physical activity and provide us with a more accurate measure of minutes of daily activity.
This study provides data demonstrating the amount of error due to using different amounts of wear time compared with a 14-hour day, yet this study has limitations which may restrict the external validity of the findings. First, the sample population (N = 714) was from faculty and staff of a large university (about 12,500 eligible employees) who were engaged in a worksite intervention study. Study participants included faculty, housekeeping staff, police officers, administrators, support staff, and others with varied work responsibilities. Despite this, including participants from one university may have limited the variability of occupational physical activity behaviors resulting in a homogenous sample reducing the external validity. In addition, the mean age of participants in this study was 41 ± 11 years. It is unknown if the findings would differ in younger or older population age groups or in individuals from a more diverse occupational sample. Second, enrollment in a pedometer-based walking study with a goal to accumulate 10,000 steps per day may have resulted in a study sample that was more active than the general population. 21, 23 The study sample took an average of 10,767 ± 3265 steps per day which is more than the average 9676 uncensored steps per day (6540 censored steps per day) reported by Tudor-Locke et al from the 2003-2004 NHANES data. 23 Third, a log book was not used to identify the reason for non wear time (ie, why the accelerometer was removed) which limits our ability to understand the context of accelerometer non wear. Despite these limitations, this study is important because it is one of the first to specifically evaluate the amount of daily accelerometer wear time recommended to obtain a valid measure of physical activity. Furthermore, the analytical method for the current study was based on an evidence-based approach showing significantly more time was spent in inactive behaviors and in light and moderate intensity physical activity as the accelerometer wear time increased. As such, wearing an accelerometer at least 13 h·d -1 has the potential to impact recommendations for time spent in inactivity or other intensities of physical activity.
Summary
These data provide support for requiring at least 13 hours of wear time when analyzing accelerometer data when 14 h·d -1 was considered as the reference value. The results also provide information about the amount of underestimation and error that can occur by allowing fewer hours per day of accelerometer data. It is not unexpected that wear time closer to the reference is more accurate; however, it is clear that allowing less wear time in an analysis can significantly influence the estimate of physical activity. As a result, to reduce the chance for a bias in the minutes of activity and/or inactivity reported, more stringent wear time criteria should be used if data are available. This study has the potential to provide a standard recommendation for the number of hours per day that participants must wear accelerometers in physical activity research studies and in surveillance settings.
